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ABSTRACT 
Tubakia iowensis was recently recognized and described as the causative agent of bur 
oak blight. The pathogen causes vein necrosis and early season leaf death on Quercus 
macrocarpa (bur oak). Tubakia sp. B, an undescribed species, was isolated from bur oak and 
other oaks and was found to be morphologically indistinguishable from T. iowensis. In 
chapter 2, T. iowensis and Tubakia sp. B differed in causing a greater amount of necrosis on 
inoculated leaf blade tissue and in causing less petiole death and fewer conidiomata 
(pustules) after inoculation of expanding shoots. Both Tubakia spp. caused vein necrosis, but 
Tubakia sp. B was better at causing leaf spots, and T. iowensis was better at infecting petioles 
and preventing petiole abscission. Thus, T. iowensis appears to have a narrower ecological 
niche.  
Reports of bur oak blight appear to correspond with the geographic range of              
Q. macrocarpa var. oliviformis. However, even in the upland sites, there is substantial 
variation in symptom severity among trees within a stand. In chapter 3, seed sources were 
collected from within the geographic ranges of Q. macrocarpa var. oliviformis, Q. 
macrocarpa var. macrocarpa, and Q. macrocarpa var. depressa. Seedlings from blighted and 
healthy Q. macrocarpa trees also were inoculated to test the hypothesis that there is variation 
in resistance to bur oak blight. Greenhouse inoculations demonstrated that there was no 
significant difference in the number of symptomatic leaves or seedlings with petiole pustules 
among the different varieties of Q. macrocarpa. Seedlings from trees with bur oak blight 
showed no difference in production of petiole pustules when compared to seedlings from 
healthy trees in the same stand.
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Tubakia iowensis, the cause of bur oak blight, has become an increasing threat to 
Quercus macrocarpa. Tubakia species were once considered minor leaf and twig pathogens; 
however, with an increasing trend of warmer and more wetter springs (Takle 2011), Tubakia 
species appear to be more problematic (Harrington et al. 2012). Prior to 2012, T. dryina was 
the only recognized Tubakia species in North America, but Harrington (et al. 2012) 
discovered that T. dryina was actually a complex of fungal species. They were able to 
identify at least five different Tubakia species in Iowa. Bur oak blight was distinguished from 
other Tubakia caused diseases by the overwintering petioles with postulate conidiomata that 
release conidia during spring rainfall for infection of developing shoots. The conidia may 
infect and cause an endophytic infection without symptoms. In the late summer, the petiole is 
killed, and the leaf fails to abscise during fall leaf senescence. If the conidia are released later 
and infect after leaves are fully expanded, T. iowensis can cause small necrotic spots, vein 
necrosis, and early leaf death, similar to other Tubakia spp. 
During isolations from infected bur oak leaves, Harrington et al. (2012) noted a 
closely related species of Tubakia that they designated as Tubakia sp. B, which was isolated 
from a wider number of hosts than T. iowensis. Tubakia sp. B produces leaf spots and some 
vein necrosis, but it has not been known to produce petiole pustules (conidiomata) or bur oak 
blight. ITS-rDNA sequencing distinguishes Tubakia sp. B from T. iowensis at one base 
position (Harrington et al. 2012).    
The essential component of the bur oak blight disease cycle is overwintering petioles 
with pustules that release conidia in the spring. Spring rainfall may splash T. iowensis conidia 
onto newly developing shoots. The conidia germinate and cause an endophytic infection 
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without causing necrosis. During the summer, T. iowensis kills the petiole and forms pustules 
on the dead petiole. The petiole fails to normally abscise in the fall and remains attached to 
the twig, which provides the inoculum for the next spring. The primary inoculum continues 
to build up within a tree with successive springs of high rainfall during bud break. 
The two main questions to be addressed in this thesis research are if T. iowensis and 
Tubakia sp. B are two species that differ in their pathogenicity on Quercus species and if 
there is variation in resistance to bur oak blight in Q. macrocarpa. Greenhouse experiments 
and data analyses comparing the two species of Tubakia will demonstrate if the two species 
are ecologically different. If those differences are significant, Tubakia species B could be 
described as a new species. Inoculation of seedlings from different sources with T. iowensis 
will demonstrate if there is variation in resistance to bur oak blight.  
To explore these questions, representative isolates were obtained from the collection 
of T. Harrington at Iowa State University. These isolates were identified by DNA sequencing 
as T. iowensis or Tubakia species B. We then inoculated oak seedlings from different sources 
using different techniques and assessed symptoms. 
 
Thesis Organization 
This thesis is organized into four chapters. The first chapter provides a general 
introduction to Tubakia spp., Quercus spp., and the questions we would like to answer. A 
literature review outlines the taxonomy of Tubakia spp., previous research on Quercus spp., 
and documented interaction between Tubakia spp. and Quercus spp. In the second chapter, 
experiments comparing T. iowensis and Tubakia sp. B on Quercus spp. are reported. The 
third chapter describes experiments utilizing T. iowensis inoculated onto Q. macrocarpa from 
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different seed sources. The fourth chapter comprises general conclusions of both studies and 
gives suggestions for future research questions left unanswered or raised by our 
investigations. 
 
Literature Review 
Tubakia species on oaks are a group of fungi in the Ascomycota with characteristic 
conidiomata, but little is known about their biology. Generally, Tubakia species are known as 
leaf spots or leaf and twig endophytes on oaks, sweetgum, and chestnuts (Cohen 1999, 
Gonthier et al. 2006, Hashizume et al. 2008, Sieber 2007). Tubakia species are defined by 
their conidiomata, called pycnothryria, that consist of a columella-like structure covered by a 
convex shield (scutellum) of radiating series of pigmented, thick-walled cells. (Harrington et 
al. 2012, Munkvold and Neely 1991, Taylor 2001). New conidia are produced on the 
underside of the scutellum and push the more mature conidia out from under the scutellum. It 
is assumed that the scutellum allows for rain-splash dispersal of the mature conidia. 
Tubakia spp. are found throughout North America, parts of Europe, Japan, Korea, and 
China. There are four known species of Tubakia in Japan (Sutton 1973, Yokoyama and 
Tubaki 1971). A species of Tubakia was recently described on Castanea henryi in China 
(Braun et al. 2014). Tubakia seoraksanensis was described from Q. mongolica in Korea (Yun 
and Rossman 2011). T. seoraksanensis was reported on Q. mongolica in Lesser Khingan 
Mountains, China (Zhang et al. 2015).  
In the United States and Europe, all species that form the conidiomata of Tubakia 
have been considered T. dryina. Tubakia dryina, in the broad sense, has been associated with 
leaf spots on oaks throughout eastern United States (Glawe and Crane 1987, Limber and 
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Cash 1945, Munkvold and Neely 1991, Munkvold and Neely 1990). In addition to causing 
leaf spots, Tubakia dryina is known as leaf and twig endophytes in oaks (Cohen 1999, 
Gonthier et al. 2006, Hashizume et al. 2008, Sieber 2007). Munkvold and Neely (1990) 
found Tubakia dryina was capable of sporulating on tissues killed by other agents. 
About 10 years ago, Tubakia dryina was thought to be the cause of a severe leaf 
disease on Q. macrocarpa in the upper Midwest. However, Harrington et al. (2012) 
discovered at least five other Tubakia species were found on Quercus macrocarpa leaves and 
other Quercus spp. with leaf vein necrosis or discrete spots on the leaf blade. In greenhouse 
experiments, T. dryina, T. iowensis, and Tubakia species A and B produced vein necrosis and 
leaf death. In the fourth experiment, where just petioles or green twigs were inoculated, one 
Q. macrocarpa seedling inoculated with T. iowensis isolate A573 had three dead leaves still 
attached with small black pustules on the petioles. Isolations from the conidia in the pustules 
yielded T. iowensis, confirming a second type of infection, without necrosis, and a different 
type of pycnothrium.   
In culture, T. dryina produces more sporodochia and conidia than T. iowensis, giving 
the culture a darker appearance than T. iowensis cultures (Harrington et al. 2012). Growth 
rate tests demonstrated that T. dryina grows faster at 25 and 30°C than T. iowensis. T. dryina 
and T. iowensis only have 502 out of 523 base pairs matching in the internal transcribed 
spacer region (ITS) of the rDNA operon (Harrington et al. 2012). Neither species of Tubakia 
has a known teleomorph, although the production of microconidia (spermatia) suggests that 
they both have a sexual state. Harrington et al. (2012) mentioned an undescribed Tubakia 
species they designated as Tubakia sp. B.  
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T. iowensis and Tubakia sp. B are difficult to distinguish from each other based on 
conidia or pycnothyria. Harrington et al. (2012) noted T. iowensis was consistently isolated 
from necrotic leaf veins and petiole pustules on Quercus macrocarpa; whereas, Tubakia sp. 
B was isolated from leaf spots or necrotic veins on Q. macrocarpa, Q. stellata,                      
Q. muehlenbergii, Q. alba, and Q. bicolor in Missouri, Arkansas, Iowa, Wisconsin, Kansas, 
and Minnesota. In culture, T. iowensis and Tubakia sp. B are difficult to distinguish from 
each other due to the large amount of variation in Tubakia sp. B. The most reliable 
distinguishing feature between the two Tubakia species has been a single base substitution in 
the ITS-rDNA sequence (Harrington et al. 2012).  
Quercus macrocarpa is in the subgenus Leucobalanus. Bur oaks are found throughout 
the Midwest and much of eastern North America and on a wide variety of soils. Quercus 
macrocarpa is native to eastern North America, with a range as far north as New Brunswick, 
Ontario, Manitoba, and Saskatchewan in Canada, and as far south as Texas, Tennessee, and 
Virginia, and as far west as central Nebraska, South Dakota, North Dakota and eastern 
Montana (Deitschmann 1965). Quercus macrocarpa is known for its drought and fire 
resistance (Nixon et al. 1993).  
Three varieties of Q. macrocarpa are recognized: var. oliviformis, var. macrocarpa, 
and var. depressa. Q. macrocarpa var. oliviformis is present on upland sites throughout Iowa, 
eastern Nebraska, southern Minnesota, southern Wisconsin, and northwestern Illinois 
(Deitschmann 1965). Conversely, Q. macrocarpa var. macrocarpa is seen on bottomland 
sites throughout southeast Iowa and western Illinois, expanding into Texas and as far east as 
Kentucky, Ohio, and West Virginia (Great Plains Flora Association 1986). Q. macrocarpa 
var. oliviformis has small, olive-shaped acorns that do not germinate until the spring; 
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whereas, Q. macrocarpa var. macrocarpa has much larger acorns that germinate in the fall 
(Deitschmann 1965). Q. macrocarpa var. depressa has smaller, less fringed acorn cups than 
Q. macrocarpa var. macrocarpa and is present on well drained soils in western Iowa in the 
Loess Hills, Nebraska, western South Dakota, and North Dakota (Nixon et al. 1993, Shimek 
1933).  
In addition to the recognized varieties, additional ecotypes have been documented. 
Vaartaja (1961) found that bur oak seedlings from Manitoba and Nebraska responded 
differently to different light periods. Laing (1966) also reported that seedlings from northern 
sources produced shorter flushes of growth with less time between flushes than southern 
sources. Dicke and Bagley (1980) established a plantation of Q. macrocarpa Michx. from 
different seed sources in eastern Nebraska and followed the development of those seedlings 
for 11 years. The seed sources were collected from across the native range of Q. macrocarpa. 
Dicke and Bagley (1980) found trees from acorns of southern providences moved north grew 
quicker than the trees native to eastern Nebraska. The authors found that the planted trees 
from southern providences produced acorns that were smaller than the acorns on trees in the 
source location. Conversely, trees from the northern providences produced larger acorns in 
Nebraska than did the trees in the source location (Dicke and Bagley 1980). None of the 
studies found a clinal relationship between different seed sources. It is possible that these 
researchers were dealing with different varieties or hybrids of Q. macrocarpa. 
Like many other oaks, species in the white oak group are capable of hybridizing with 
other species in the white oak group. Hybridization is the process of crossing between 
individuals of different species (interspecific) or genetically divergent individuals from the 
same species (intraspecific). Bur oaks are capable of hybridizing with at least nine other 
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species (Deitschmann 1965). Identification of hybrids of oaks is very difficult because they 
often take on an intermediate form between the two parents. Studies done by Chechowitz et 
al. (1990) and Schnabel and Hamrick (1990) with isozyme electrophoresis suggested that     
Q. macrocarpa and Q. gambelli have hybridized in the past, especially during the Pleistocene 
era; although, the majority of the genetic contribution by Q. gambelli has been lost due to 
backcrossing with other Q. macrocarpa. Chechowitz et al. (1990) found noteworthy 
similarities in leaf morphology between Q. gambelli and Q. macrocarpa, but they were 
unable to distinguish them electrophoretically. This led the authors to the hypothesis that 
natural selection was acting differently on morphological and electrophoretic characters, or 
environmental factors also may affect these characters (Rushton 1993). There have been 
reports of hybridization between Quercus macrocarpa and Quercus bicolor Willd. in 
Wisconsin, where the two ranges overlap (Bray 1960). Hybridization has occurred between 
Q. macrocarpa and Q. alba as well (Deitschmann 1965, Great Plains Flora Association 
1986). 
There have been no reports of bur oak blight on Q. macrocarpa var. depressa or        
Q. macrocarpa var. macrocarpa (Harrington 2015). This may be because bur oak blight has 
not spread into the south-southeast or the far northwestern ranges of Q. macrocarpa. 
Alternatively, Q. macrocarpa var. macrocarpa and Q. macrocarpa var. depressa may not be 
susceptible to bur oak blight. T. iowensis appears to infect only var. oliviformis, which is 
primarily found on dry upland sites. T. iowensis has been isolated from bur oak throughout 
Iowa, Minnesota, eastern South Dakota, eastern Nebraska, northeastern Kansas, northern 
Missouri, western Illinois, and southwestern Wisconsin (Harrington 2015).  
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The bur oak blight disease cycle begins with overwintering petioles with pustules. 
Spring rainfall may splash T. iowensis conidia onto newly developing shoots. The conidia 
germinate and cause an endophytic infection in the petioles, initially without necrosis. Before 
normal fall senescence, T. iowensis kills the petiole and forms pustules on the dead petiole. 
The petiole fails to normally abscise in the fall and remains attached to the tree limb, which 
provides the inoculum for the next spring. Other Tubakia species and T. iowensis are capable 
of producing vein necrosis on bur oak leaves, but T. iowensis is the only known Tubakia sp. 
to produce necrosis and crustose pycnothyria (pustules) on the petioles of leaves of               
Q. macrocarpa var. oliviformis. Tubakia B sp. appears to be a leaf pathogen on most 
members of the white oak group. The host and site specificity of T. iowensis and broader host 
range in Tubakia sp. B lead us to question if all Q. macrocarpa are susceptible to bur oak 
blight and if there is variation in resistance within Q. macrocarpa var. oliviformis. 
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CHAPTER 2. ECOLOGICAL SPECIALIZATION OF TUBAKIA IOWENSIS 
Introduction 
Tubakia iowensis was recently recognized and described as the causative agent of bur 
oak blight (Harrington et al. 2012). The pathogen causes vein necrosis and early season leaf 
death on Quercus macrocarpa (bur oak). Tubakia dryina was originally thought to be the 
culprit of bur oak blight, but Harrington et al. (2012) discovered at least five different species 
of Tubakia that produced the characteristic conidiomata along the necrotic veins and tissue. 
In greenhouse inoculations, T. dryina, T. iowensis, and undescribed Tubakia species A and B 
produced similar amounts of venial necrosis and leaf death. However, T. iowensis appeared 
to be more specialized to Quercus macrocarpa var. oliviformis with the unique ability of 
producing crustose conidiomata (pustules) on the petioles. In addition to the ability to 
produce pustules on the petioles, T. dryina and T. iowensis are separated by rDNA sequences, 
growth rates, pigmentation, and the ability to sporulate on MYEA. While T. dryina and         
T. iowensis have been recognized as separate species, the question arises if T. iowensis and 
Tubakia sp. B are different species as well.   
Tubakia species on oaks are a poorly defined group of fungi and little is known about 
their biology. Tubakia species are known to be endophytes of twigs and leaves on oaks, 
sweetgum, and chestnuts and were considered only minor leaf pathogens on oaks until 
recently (Cohen 1999, Gonthier et al. 2006, Hashizume et al. 2008, Sieber 2007, Harrington 
et al. 2012). The increase in the incidence of Tubakia infections on oaks is probably due to 
the increase in early season rainfall, warmer nighttime temperatures, and increased summer 
humidity (Takle 2011, Harrington et al. 2012).  
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Tubakia species are defined by their characteristic conidiomata or pycnothryria. 
These consist of a columella-like structure covered by a convex shield of radiating series of 
pigmented, thick-walled cells called scutellum (Munkvold and Neely 1991, Taylor 2001, 
Harrington et al. 2012). New conidia are produced under side the pycnothyria and push the 
more mature conidia out. It is assumed that the scutellum allows for rain-splash dispersal. 
The name Tubakia is often used as shorthand for Tubakia dryina, although there are 
numerous other species within the genus. Tubakia dryina, in the broad sense, is associated 
with leaf spots on oaks throughout North America (Munkvold and Neely 1991), but it is now 
clear that T. dryina refers to many species (Harrington et al. 2012). Other Tubakia species are 
capable of producing vein necrosis on bur oak, but Tubakia iowensis is the only known 
Tubakia to produce necrosis and crustose pycnothyria (pustules) on the petioles of leaves of 
Quercus macrocarpa var. oliviformis.  
The central component of the bur oak blight disease cycle is overwintering petioles 
with pustules. Spring rainfall splashes T. iowensis conidia onto newly developing shoots. The 
conidia germinate and cause an endophytic infection in the petioles without causing necrosis. 
Before normal fall senescence, T. iowensis kills the petiole and forms pustules on the dead 
petiole. The petiole fails to normally abscise in the fall and remains attached to the tree limb, 
which provides the inoculum for the next spring. This feature is what makes bur oak blight 
unique when compared with other diseases caused by Tubakia spp. The primary inoculum 
continues to build up within a tree when spring rainfalls occur during shoot development. 
During the investigation into bur oak blight (Harrington et al. 2012), several other 
Tubakia species were isolated from Quercus macrocarpa leaves and other Quercus species 
with leaf vein necrosis, discrete spots on the leaf, or asymptomatic twigs. In greenhouse 
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experiments, T. dryina, T. iowensis, and Tubakia species A and B produced vein necrosis and 
leaf death. In the fourth experiment where just petioles or green twigs were inoculated, one 
seedling inoculated with T. iowensis isolate A573 had three dead leaves still attached with 
small black pustules on the petioles. Isolations from the conidia in the pustules resulted in     
T. iowensis, completing Koch’s postulate.   
T. iownesis and Tubakia sp. B are difficult to distinguish from each other based on 
conidia or pycnothyria. Harrington et al. (2012) noted T. iowensis was consistently isolated 
from necrotic leaf veins and petiole pustules of Quercus macrocarpa; whereas, Tubakia sp. B 
was isolated from leaf spots on Q. macrocarpa, Q. stellata, Q. muehlenbergii, Q. alba, and 
Q. bicolor in Missouri, Arkansas, Iowa, Wisconsin, Kansas, and Minnesota. In culture, the 
morphology of T. iowensis and Tubakia sp. B is difficult to distinguish from each other due 
to the large amount of variation. The only distinguishing feature between the two potential 
Tubakia species is that ITS-rDNA sequences are different at one base location (Harrington et 
al. 2012).  
This study evaluates the different Quercus species and Quercus macrocarpa and their 
response to inoculations with T. iowensis and Tubakia sp. B. Differences in pathogenicity 
would provide more evidence that the two Tubakia species are indeed two distinct species. 
There are three hypotheses this study tests: (1) Tubakia sp. B is better at causing leaf spots; 
(2) Tubakia sp. B has a wider host range than T. iowensis; and (3) T. iowensis is the only 
Tubakia species that causes pustules on the petioles on Q. macrocarpa, which is the key 
feature of bur oak blight. To test these hypotheses, different Quercus species and Quercus 
macrocarpa from different seed sources were grown from acorns or purchased from state 
forest nurseries. Fully expanded or young, expanding leaves were inoculated with three 
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isolates of T. iowensis and three isolates of Tubakia sp. B to evaluate the host responses to 
the two different Tubakia species. 
 
Materials and Methods 
Fungal isolates—Two isolates of Tubakia iowensis were selected based on a previous study 
(Harrington et al. 2012), and a third (A978) was selected based on preserved field specimen 
with detailed collection notes. Isolates for Tubakia sp. B were selected based on preserved 
field material and DNA sequences. T. iowensis isolate A573 was isolated from a petiole 
pustule of Quercus macrocarpa in Ames in 2008. GenBank accession numbers for                
T. iowensis isolate A573 are JF704185 for LSU rDNA and JF704196 for ITS rDNA and 
448604 and 448601 for ISC and 881221 for BPI (Harrington et al. 2012). T. iowensis isolate 
A578 was isolated as a petiole endophyte from a Quercus macrocarpa leaf in June 2008.     
T. iowensis isolate A978 was isolated from a conidiomata on a Quercus macrocarpa leaf 
from Parkersburg, Iowa, in 2010. Tubakia sp. B isolate A895 was isolated from a necrotic 
spot on the leaf tissue from a leaf of Quercus macrocarpa tree from Washington, Iowa, in 
2010. Tubakia sp. B isolate A949 was isolated from a necrotic spot on the leaf tissue from a 
Quercus macrocarpa leaf from Marion, Iowa, in 2010. Tubakia sp. B isolate A979 was 
isolated from a necrotic spot on a Quercus macrocarpa leaf from Yellow River State Forest 
(Iowa) in 2010. The ITS rDNA sequences of the three Tubakia sp. B isolates (A895, A949, 
A979) were the same as previously reported for other isolates of this species (JF704203 and 
JF704204) (Harrington et al. 2012).    
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Nursery stock and seed sources—For experiments 1 and 2, one-year-old bare root seedlings 
of Quercus macrocarpa (bur oak), Quercus bicolor (swamp white oak), Quercus alba (white 
oak), and Quercus rubra (red oak) were purchased from the Iowa State Forest Nursery in 
2012. Quercus stellata (post oak) bare root seedlings were purchased from Texas A&M 
Forest Service, Oklahoma Forestry Services, and Kentucky Division of Forestry nurseries in 
2012. Trees were stored in a cooler at 1-4°C. Bare root seedlings were planted in                 
10 x 10 x 35 cm plastic pots with a 1:1:1 ratio of Sunshine (SB300 UNIVERSAL, Sun Gro 
Horticulture, Vancouver, Canada) planting medium, perlite, and peat moss three to four 
weeks prior to inoculation. Potted plants were kept on the greenhouse bench with a minimum 
of 12 hours of supplemental lighting during the winter months. 
For experiment 3, acorns of Quercus macrocarpa were collected or purchased from 
several sources. Brookside tree #1 acorns came from a Quercus macrocarpa tree at 
Brookside Park in Ames, Iowa, that has shown severe bur oak blight symptoms since 2008. 
Acorns collected from the McBride tree came from a Quercus macrocarpa tree at Lakeside 
Lab in Okoboji, Iowa, that has not shown any symptoms of bur oak blight. Both the 
Brookside tree #1 and McBride tree acorns were collected from the ground in fall 2013. 
Acorns from Missouri were provided by the George O. White State Forest Nursery in 
Licking, Missouri, from a seed source in southern Missouri. Acorns from Towner State 
Nursery in Towner, North Dakota, were collected from Minot, North Dakota. Prior to 
shipping, the acorns from North Dakota were cleaned (caps removed), float tested, and 
treated with a fungicide dip before being placed into cold storage for 60 days. All sets of 
acorns were stored in the Iowa State University forestry greenhouse cooler at 1-4°C for a 
minimum of 60 days before planting.  
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Before planting, caps of the acorns were removed by hand. If caps were not easily 
removed by hand, the acorns were soaked in tap water for up to 24 hours. Paring knives were 
also used to assist in the removal of the caps. Acorns were discarded if there were obvious 
signs of weevil damage or decay. After cold stratification, acorns were scarified in an attempt 
to synchronize germination across all seedlots. Acorns were cut longitudinally through the 
pericarp, seedcoat, and the bottom half of the cotyledons with hand pruners or scissors, 
leaving the plumule, radicale, and upper portion of the cotyledons intact. The plumule, 
radicale, and upper portion of the cotyledons were placed on moisten newspapers in a plastic 
box and covered with clear plastic wrap. Twelve-hour supplemental lighting was provided, 
and temperatures were kept between 20 to 22°C. As the taproot emerged, acorns were 
transplanted into 10 cm diameter and a depth of 17.78 cm plastic containers with a mixture of 
1:1:1 ratio of Sunshine planting medium, perlite, and peat moss.  
 
Inoculum preparation—Since Tubakia species do not readily sporulate on MYEA (1.5% 
malt extract, 0.2% yeast extract, and 2% agar), isolates were grown on several autoclaved 
oak leaf pieces on 1.5% or 2% water agar.  
Quercus macrocarpa leaves that were used for the inoculum were collected from 
trees that did not show signs or symptoms of a bur oak blight infection and were picked off 
the tree in August or September and utilized throughout the winter. The green healthy leaf 
blade tissue was cut up into approximately 1-inch pieces and wrapped in aluminum foil 
packets. The packets of leaf tissues were then placed into the autoclave for 20 minutes. After 
autoclaving, the leaf packets were allowed to dry before storing away to prevent mold. 
However, the production of conidia appeared to drop as the autoclaved leaves dried out and 
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decayed throughout the winter. Fresh Quercus bicolor oak leaves from seedlings that were 
not inoculated but grown in the greenhouse were used as a supplement for the Quercus 
macrocarpa leaves. 
After allowing the fungal isolates to sporulate for 21 to 25 days on the oak leaves, the 
leaf pieces were removed and conidia were harvested by gently scraping off the conidial 
masses into a sterile Petri dish with 10-15 mL of sterile 0.02% Tween 80 (Fisher Scientific, 
Pittsburgh, Pennsylvania). The conidia and Tween 80 solution were then transferred into     
15 mL sterile FalconTM tubes. Concentration of conidia was measured utilizing a 
hemocytometer. Suspensions below 1.0 x 106 mL were concentrated by centrifuging at   
4,500 rpm for a minute. Two to 5 mL of 0.02% Tween solution were removed leaving the 
spore pellet at the bottom of the tube intact. Conidia were resuspended in the remaining 
Tween 80 and were remeasured with a hemocytometer. Suspensions above 6.0 x 106 mL 
were diluted by transferring half of the suspension into a new sterile 15 mL FalconTM tube 
and adding additional sterile 0.02% Tween solution. Final conidial suspensions ranged from 
0.6 x 106 mL to 5.7 x 106 mL (Table 1).  
In experiments 2 and 3, Knox® gelatin solution was added as a sticking agent with a 
final concentration of the gelatin at 0.05% (Nutter 1985). Tween solution without conidia 
was microwaved to a boiling point and the Knox® gelatin solution was added and stirred until 
the gelatin was dissolved. Spore suspensions were centrifuged for one minute at 4,500 rpm 
and half of the supernatant was removed. After allowing the gelatin solution to cool to room 
temperature, the gelatin solution of the same volume of the removed supernatant was added 
to the spore solution.  
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Leaf inoculations—All experiments were conducted in the forestry greenhouse at Iowa State 
University. Inoculations for experiment 1 occurred on 5 December 2013for midvein 
inoculations and 9 December 2013 for blade inoculations. Inoculations for experiment 2 took 
place on 20 April 2014. Experiment 3 inoculations occurred on 1 May 2014. In experiments 
1 and 2, three fully expanded leaves per seedling were inoculated with one of six isolates or 
the control either on the midvein or blade tissue midway between the midvein and the edge 
of the leaf. The three inoculated leaves were arbitrarily chosen and marked by tying a small 
piece of yarn around the petiole of each selected leaf. In experiment 3, all young, expanding 
leaves with individual partially developed petioles were utilized.  
Inoculum was applied with autoclaved paintbrushes. For midvein inoculations, the 
center of the leaf’s midvein on the under side was inoculated. Attempts were made not to 
apply the inoculum to the surrounding leaf blade tissue. For blade inoculations, a 25-mm 
strip of conidia suspension was brushed onto the center of the under side of the blade tissue. 
In experiment 1, an additional inoculum application was applied to the opposite half of the 
leaf on the upper portion of the blade tissue. There was no set amount of inoculum applied to 
each leaf surface, but attempts were made to apply the inoculum to each leaf surface in a 
single application. The remaining inoculum was taken back to the lab and plated onto MYEA 
to confirm the conidia were viable.  
In experiment 1, five different Quercus species (Q. macrocarpa, Q. bicolor, Q. alba, 
Q. rubra, Q. stellata from Kentucky, Q. stellata from Oklahoma, Q. stellata from Texas) 
were used for inoculations. The under side of the midveins of three leaves on three seedlings 
were inoculated with three T. iowensis isolates (A573, A578, A978) or three Tubakia sp. B 
isolates (A895, A949, A979) or a control over a 25-mm strip. The three selected leaves on 
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three seedlings were inoculated on the blades with three T. iowensis isolates (A573, A578, 
A978) or three Tubakia sp. B isolates (A895, A949, A979) or a control over a 25-mm strip of 
inoculum applied to the under side of the leaf while another strip of the same inoculum was 
applied to the opposite upper side of the leaf.  
In experiment 2, three Quercus macrocarpa leaves on three seedlings were inoculated 
with three T. iowensis isolates (A573, A578, A978) or three Tubakia sp. B isolates (A895, 
A949, A979) or a control, either on the under side of the midvein or on the under side side of 
the blade tissue over a 25-mm strip.  
In experiment 3, each available petiole of young, expanding leaves of three to four 
one-month-old seedlings were inoculated with three T. iowensis isolates (A573, A578, A978) 
or three Tubakia sp. B isolates (A895, A949, A979) or a control. Seedlings generally 
consisted of two to four individual, young, expanding leaves. Inoculum was applied on each 
individual petiole while attempting to avoid the blade tissue. The remaining inoculum was 
taken back taken to the lab and plated onto MYEA (1.5% malt extract, 0.2% yeast extract, 
and 2% agar) to confirm that the conidia were viable.     
 
Moist chambers—After all the seedlings had been inoculated with an isolate, the seedlings 
were placed in moist chambers in order to maintain high humidity. To prevent contamination 
between Tubakia species and/or controls during this 48-hour period, seedlings inoculated 
with the same isolate were incubated together. For experiments 1 and 2, the frames of the 
moist chambers were constructed from 13 mm PVC pipe. Each moist chamber measured    
50 x 50 x 100 cm. The chambers consisted of two clear plastic garbage bags pulled from the 
bottom up and another one pulled from the top down over the frame. Seedlings and chambers 
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were heavily misted before being sealed at the bottom. Moistened newspapers were draped 
over the top of the sealed chambers to prevent sunlight from entering. Chambers were placed 
on top of milk crates to prevent drafts from the swamp cooler. In experiment 3, large, clear, 
plastic boxes were covered with plastic wrap and moistened newspapers, placed on the 
greenhouse bench, and used as moist chambers due to the smaller size of the seedlings.  
Moist chambers or boxes were arranged so that the all chambers with Tubakia species 
B alternated with Tubakia iowensis and the controls on the floor or benches. Chambers were 
checked every 6 to 8 hours for excess humidity, which was determined by the amount of 
condensation seen on the sidewalls and the top of the chamber. If there was not enough 
humidity, the newspapers draped over the sealed chamber were remoistened, and the 
greenhouse floors were sprayed with water in an attempt to prevent humidity from leaving 
the sealed chambers.  
 
Post incubation—After 48 hours, seedlings were removed from the chamber and placed onto 
greenhouse benches. Utilizing a random number generator, individual seedlings were 
randomized into positions of replicate blocks. Seedlings were watered daily. 
  Observations for experiments 1 and 2 were made every 7 to 10 days for symptom 
development. Necrotic lesions on vein and necrotic blade tissue on the top of leaves were 
measured in millimeters. The linear extent of midvein necrosis as seen on the upper surface 
of the leaf was measured. Necrotic blade tissue also was observed on the upper surface and 
the area of necrosis was calculated by multiplying the longest length of necrosis and the 
widest length of the spot. 
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Experiment 1 midvein inoculations ran for 109 days after inoculation while blade 
inoculations ran for 100 days. Experiment 2 midvein and blade inoculations ran for 70 days. 
In both experiments, observations were recorded every 7 days, but toward the end of the 
experiment, the observations were made every 10 days. However, for the data analysis, only 
the final measurements were used. If inoculated leaves had fallen prior to the end of the 
experiment, these leaves were documented as dropped and taken to the lab for isolation. If 
symptomatic leaves had not fallen at the end of the experiment, leaves were collected off the 
seedlings and taken back to the lab for isolation.  
Margins of symptomatic and healthy tissues were placed into 100% bleach for            
3 minutes before being transferred to 95% ethanol for 30 seconds and then rinsed in sterile 
water. Leaf pieces were gently patted dry before being placed face up onto MYEA.  
Confirmation of the inoculated Tubakia species was based on colony morphology. 
Experiment 3 inoculations occurred on 20 April 2014. The seedlings were moved 
outside on 25 June 2014 to allow for normal senesces. Seedlings were watered at least twice 
a day by greenhouse staff until the end of September. Leaf retention and the presence or 
absence of pustules on the petioles were observed after 25 November 2014. Attached leaves 
and/or petioles were collected and taken back to the lab where petioles were allowed to sit in 
a Petri dish with a moistened filter paper for three to four days at room temperature and 
normal light. One pustule from a petiole that remained attached from each seedling was 
mounted for microscopic examination in lactophenol cotton blue. Conidia length and width 
were measured to confirm that the spores were those of a Tubakia sp. In addition, one pustule 
from a petiole from each seed source and inoculum were arbitrarily chosen and plated onto 
1% maltose agar supplemented with streptomycin (SMA). After three days, Tubakia-like 
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colonies were transferred onto MYEA. After 21 days of growth on MYEA, the isolations 
were observed and confirmed either as T. iowensis or Tubakia sp. B by colony morphology 
or ITS-rDNA sequencing if there was questionable morphology.   
DNA was extracted from the mycelium utilizing PrepManTM Ultra (Applied 
Biosystems, Foster City, California). The ITS-rDNA amplifications used primers ITS1-F and 
ITS-4, and the PCR products were sequenced with the same primers (Harrington et al. 2001). 
These sequences were then compared to those of known Tubakia sequences (Harrington et al. 
2012).  
  
Experimental design and data analyses—In experiments 1 and 2, the replicates were defined 
as individual seedlings and the three inoculated leaves on each seedling were considered as 
pseudo-replications, that is the mean of the three leaves from an individual seedling was used 
in the analyses. If the leaf had been killed and fallen from the seedling prior to the final 
measurement, the last known measurement was used for the data analysis. Due to limited 
number of seedlings and time, experiments 1 and 2 were conducted only once.  
Multi-factorial analysis of variance (ANOVA) was performed on each oak species 
and inoculum application technique combination in comparing the Tubakia isolates and the 
control in experiments 1 and 2. When the ANOVA was significant, least significant 
differences analyses were performed. Statistics were performed with SAS statistical software 
(SAS Institute, Cary, North Carolina).  
In experiment 3, each seedling was considered a replicate of two to four individual 
young, expanding leaves. At the end of experiment (207 days), leaf retention and the 
presence or absence of pustules on the petioles were noted, and specimens were taken back to 
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the lab for isolation. For data analysis, all inoculated seed sources were combined together 
due to the small number of replicates. Chi-square analysis (SAS Institute, Cary, North 
Carolina) compared the seedlings with petiole pustules and the seedlings without petiole 
pustules between T. iowensis and Tubakia sp. B. Due to a limited number of seedlings, this 
experiment was only conducted once. 
 
Results 
Experiment 1—Inoculation of the midveins resulted in symptoms on Q. macrocarpa and Q. 
bicolor only (Fig. 1). Inoculated seedlings of Q. stellata from Oklahoma and Kentucky, Q. 
alba, and Q. rubra remained symptomless for the entirety of the experiment.  
For Q. macrocarpa and Q. bicolor seedlings, variation within a seedling and variation 
among replications was substantial for length of midvein necrosis on the upper surface     
(Fig. 2). The ANOVA comparing the length of midvein necrosis caused by the different 
Tubakia isolates and control was significant for Q. macrocarpa (df = 6, F = 3.81, P = 0.02). 
Based on least significant differences (P < 0.05), Tubakia sp. B isolate A979 and T. iowensis 
isolate A978 caused greater venial necrosis than the controls (Fig. 1A). An additional 
ANOVA comparing the midvein necrosis on the top side of the leaf found no significant 
difference between T. iowensis or Tubakia sp. B (df = 1, F = 1.66, P = 0.22). Treatments (six 
isolates and control) in the midvein inoculations of Q. bicolor were not significantly different 
(df = 6, F = 0.88, P = 0.53) (Fig. 2B).  
Isolations were attempted from one symptomatic leaf per treatment of Q. macrocarpa 
and Q. bicolor seedlings, for a total of 10 leaves, to verify that the symptoms were due to the 
25 
 
inoculated fungus. The inoculated fungus was recovered from all 10 inoculated leaves. A 
tested control leaf of each host yielded no Tubakia species.  
Inoculation of the blade tissue on the upper surface of the leaf and the lower surface 
of the leaf resulted in symptoms on Q. macrocarpa, Q. bicolor, and Q. stellata from 
Kentucky and Texas (Fig. 1). Q. alba and Q. rubra seedlings showed no symptoms 
throughout the experiment. On the Quercus sp. that showed symptoms, there was 
considerable variation within seedlings and among replicates in the necrotic area of the leaf 
blade when viewed from the upper surface of the leaf.  
Leaves inoculated on the upper surface showed little tissue necrosis (Table 2). Leaves 
of Q. macrocarpa, Q. bicolor, and Q. stellata from Kentucky and Texas inoculated with 
either Tubakia sp. on the lower surface showed more area of tissue necrosis than leaves 
inoculated on the upper surface (df = 3, F = 5.33, P = 0.0017). Only data from inoculations 
on the lower surface were analyzed in detail. In the multifactorial ANOVA of blade necrosis 
after lower surface inoculation (Table 3), there was no significant interaction between the 
two Tubakia spp. and the different Quercus spp.  (df = 3, F = 0.68, P = 0.57), and each 
Quercus sp. was analyzed separately.     
On Q. macrocarpa seedlings inoculated on the lower blade tissue, necrosis was seen 
with inoculation of T. iowensis isolate A573 and all three Tubakia sp. B isolates (Fig. 3A). 
However, the ANOVA indicated no variation among the treatments (df = 6, F = 1.28, P = 
0.33). An additional ANOVA comparing T. iowensis versus Tubakia sp. B showed no 
significant difference in the area of blade necrosis (df = 1, F = 0.92, P = 0.35).  
The ANOVA comparing the area of blade necrosis on Q. bicolor showed differences 
among the treatments (df = 6, F = 4.38, P = 0.01). Based on least significant difference, 
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Tubakia sp. B isolate A979 caused greater blade necrosis than the controls (Fig. 3B). 
However, there was no significant difference when T. iowensis versus Tubakia sp. B were 
compared (df = 1, F = 0.04, P = 0.84). 
On Q. stellata seedlings from Kentucky, T. iowensis isolate A978 and all three 
Tubakia sp. B isolates caused necrosis (Fig. 1, 3C). The ANOVA comparing the necrotic 
area due to different Tubakia isolates and controls was not significant (df = 6, F = 1.03, P = 
0.45). When isolates of T. iowensis and Tubakia sp. B were compared, there was no 
significant difference (df = 1, F = 1.59, P = 0.23). On Q. stellata seedlings from Texas,        
T. iowensis isolates A573 and A978, and all three Tubakia sp. B isolates caused blade 
necrosis (Fig. 1, 3D). However, there was no significant difference between the Tubakia 
isolates and the controls (df = 6, F = 1.94, P = 0.14). When isolates were grouped into T. 
iowensis versus Tubakia sp. B, there is no significant difference between the two Tubakia 
spp. (df = 1, F = 2.23, P = 0.15).  
One symptomatic leaf from each of the treatments of Q. macrocarpa, Q. bicolor, and 
Q. stellata from Kentucky and Texas was used to reisolate the inoculated fungus. The 
respective Tubakia sp. was isolated from the symptomatic blade tissue with the exception of 
one Q. bicolor leaf, from which no fungal growth was recovered. None of the tested control 
leaves on Q. macrocarpa, Q. bicolor, and Q. stellata from Kentucky and Texas developed 
symptoms, and no Tubakia sp. was isolated from them.  
 
Experiment 2—Due to ambiguous results observed among the Q. macrocarpa seedlings in 
experiment 1, a second experiment comparing Tubakia sp. B versus T. iowensis was 
performed using blade and midvein inoculation techniques. In the second experiment, a 
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sticking agent was added to the applied conidial suspension in an attempt to improve 
infection efficiency. The ANOVA comparing the linear midvein necrosis on the upper 
surface of the leaf tissue indicated no significant difference among the isolates and the 
control (df = 6, F = 1.38, P = 0.29) (Fig. 4). When comparing T. iowensis versus Tubakia sp. 
B, there was no significant difference (df = 1, F = 0.15, P = 0.7).  
The ANOVA comparing the area of the blade necrosis seen on the upper surface of 
the leaf indicated a significant difference among the isolates and the control (df = 6, F = 5.3, 
P = 0.005) (Fig. 5). Based on least significant difference tests (P < 0.05), Tubakia sp. B 
isolates A895 and A949 produced greater area of necrosis than the T. iowensis isolates or the 
control (Fig. 6). An ANOVA comparing the T. iowensis isolates versus the Tubakia sp. B 
isolates  showed that Tubakia sp. B caused greater area of blade necrosis (df = 1, F = 17.14, 
P = 0.0008). 
A symptomatic leaf from each seedling was used to reisolate the inoculated fungus, 
for a total of 42 isolations in experiment 2. In all cases, the respective Tubakia sp. was 
isolated from the symptomatic leaf. The tested control leaves did not develop symptoms, and 
no Tubakia sp. was isolated. 
 
Experiment 3—The petioles of partially expanded young leaves of Q. macrocarpa seedlings 
from different seed sources were inoculated with three isolates of T. iowensis, three isolates 
of Tubakia sp. B, and control to evaluate the formation of conidiomata on petioles. Conidial 
suspensions contained the sticking agent. The petiole of each partially expanded, young leaf 
was inoculated on each seedling, usually including two to four leaves per seedling. Seedlings 
were moved outside 67 days after inoculations. At 207 days after inoculations, some leaves 
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had died and remained attached to the seedlings after leaf senescence. The attached petioles 
were observed for pustules of Tubakia sp. If there were pustules on the petioles, shoots were 
cut off and taken back to the lab to confirm that the fruiting bodies were that of Tubakia.   
Out of 71 inoculated seedlings, eight seedlings treated with T. iowensis and two 
seedlings treated with Tubakia sp. B developed pustules on the petioles (Fig. 7). Of the 34 
seedlings inoculated with T. iowensis, 26 showed no signs of Tubakia sp. and eight seedlings 
had pustules on the petioles (Fig. 7). Of 37 seedlings inoculated with Tubakia sp. B, only two 
seedlings developed pustules on the attached petioles (Fig. 7). The two seedlings treated with 
Tubakia sp. B isolates that developed pustules were from a tree at Brookside Park known to 
be susceptible to bur oak blight. One of these seedlings was inoculated with A895, and the 
other was inoculated with A979. The ratio of seedlings with petiole pustules versus those 
without petiole pustules was significantly greater for T. iowensis than for Tubakia sp. B using 
chi-square analysis (χ2 = 4.81, P < 0.05) (Table 4).  
Isolations were attempted from one petiole pustule on each symptomatic seedling to 
confirm that the Tubakia spp. recovered was the isolate used for inoculation. A Tubakia sp. 
was recovered in each instance. The identity of T. iowensis was confirmed by colony 
morphology. Cultures of Tubakia sp. B vary in culture morphology, so ITS-rDNA 
sequencing was used to confirm that the two seedlings with petiole pustules were infected 
with Tubakia sp. B. 
One seedling from Missouri that was inoculated with Tubakia sp. B isolate A949 
showed pustule development on the bud stipules only, but no pustules appeared on the 
petioles. A Tubakia sp. was isolated from the stipule pustules, and ITS-rDNA sequencing 
showed that the pustules were those of T. iowensis, not Tubakia sp. B.   
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The formation of petiole pustules by Tubakia sp. B was documented for the first time 
in experiment 3, so morphological characterization of the pustules were done. There 
appeared to be fewer pustules per petiole with Tubakia sp. B than with T. iowensis. The 
reported range for pustule diameter for T. iowensis is 150-500 µm (Harrington et al. 2012). 
Four pustules of Tubakia sp. B (isolate A895) ranged from 339-792 X 226-231 µm. Five 
pustules of Tubakia sp. B (isolate A979) were 115-310 X 70-265 µm. Six petiole pustules of 
T. iowensis (isolates A573, A578, and A978) were 141-429 X 93-259. T. iowensis conidia 
from pustules on inoculated seedlings were 8-15 X 5-8 µm, while Tubakia sp. B conidia were 
7-18 X 4-8 µm. 
 
Discussion 
T. iowensis and Tubakia sp. B are ecologically different species. Tubakia sp. B 
appeared to cause a greater area of necrosis than T. iowensis on Q. bicolor and Q. stellata, 
but the differences were not significantly different. When a sticking agent was added in 
experiment 2, Tubakia sp. B caused greater blade necrosis on Q. macrocarpa than                 
T. iowensis, but there was no difference between the Tubakia spp. in the amount of midvein 
necrosis. Tubakia sp. B was shown capable of producing petiole pustules on Q. macrocarpa, 
but T. iowensis produced petiole pustules on a higher portion of inoculated seedlings.  
Based on the isolates in the collection of T. Harrington at Iowa State University, 
Tubakia sp. B infects a wider range of Quercus species than T. iowensis. T. iowensis has been 
documented mostly on Q. macrocarpa. Only in a few situations where heavily blighted       
Q. macrocarpa trees and Q. bicolor trees are in close proximity has T. iowensis been isolated 
from Q. bicolor. In contrast, Tubakia sp. B has been documented on Q. macrocarpa,           
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Q. stellata, Q. muehlenbergii, Q. alba, and Q. bicolor in Missouri, Arkansas, Iowa, 
Wisconsin, Kansas, and Minnesota. In experiment 1, however, there was no statistical 
difference between T. iowensis and Tubakia sp. B symptoms on inoculated Quercus spp. A 
plausible explanation for the lack of difference could be the inconsistency in results due to 
the wide variation in the concentration of conidia (Table 1), or the inoculum did not remain 
or survive on the leaf tissue during the incubation period. A sticking agent could have 
reduced the amount of runoff during the earlier inoculations and allowed for better infection 
efficiency. 
Inoculum applied to the lower surface of the leaf tissue caused greater necrosis than 
inoculum applied to the upper surface of the leaf tissue in Quercus macrocarpa, Quercus 
bicolor, and Quercus stellata. There was no blade tissue necrosis on Q. rubra and Q. alba, 
even when leaves were inoculated on the lower surface.   
T. iowensis has been the only Tubakia sp. isolated from pustules on petioles of          
Q. macrocarpa, but T. iowensis also can cause vein necrosis. T. iowensis can cause small, 
necrotic flecks on blade tissue on leaves of Q. macrocarpa, but conidiomata of T. iowensis 
are generally not seen in those flecks. Unlike T. iowensis, Tubakia sp. B is isolated more 
frequently from discrete spots that can expand to cause vein necrosis. Based on the culture 
collection at Iowa State University, Tubakia sp. B has only been isolated as an endophyte 
once from a leaf on Q. macrocarpa. In experiment 1, isolates of Tubakia sp. B more 
commonly caused blade necrosis of Quercus spp. than did T. iowensis, and in experiment 2, 
Tubakia sp. B caused significantly greater area of blade necrosis on Q. macrocarpa than       
T. iowensis. Since a sticking agent was added in experiment 2, the amount of necrosis 
appeared to be more uniform compared to the necrosis seen in experiment 1. A similar 
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amount of midvein necrosis was seen on leaves of Quercus inoculated with T. iowensis or 
Tubakia sp. B. These results support the hypothesis that Tubakia sp. B is better at causing 
leaf spots than T. iowensis, but the two species are similar in their capacity to cause midvein 
necrosis.  
The main component of the bur oak blight disease cycle is non-abscised petioles in 
the fall, with pustules that overwinter and then release primary inoculum in the spring. The 
pustules release conidia during spring rainfall and bud break in late April and May. Rain 
splashes the T. iowensis conidia onto the developing shoots. The conidia may enter into the 
young expanding leaves and grow endophytically. In the late summer, the petiole is killed, 
and the leaf fails to abscise. The pustules begin to form on the dead petiole tissue. The annual 
cycle continues as long as there are consecutive wet springs and the inoculum slowly builds 
up within a tree. In experiment 3, T. iowensis produced petiole pustules on more seedlings 
than Tubakia sp. B. Eight seedlings inoculated with T. iowensis developed petiole pustules, 
but only two seedlings inoculated with Tubakia sp. B had petiole pustules on non-abscising 
petioles, and relatively few pustules formed on the petioles.  
This is the first report of Tubakia sp. B forming pustules on petioles. Measurements 
of pustules of T. iowensis and Tubakia sp. B were within the published range of T. iowensis 
petiole pustules collected from the field (Harrington et al. 2012). Conidia measurements from 
Tubakia sp. B pustules overlapped in range with conidia measurements from T. iowensis 
pustules inoculated in the greenhouse. Pustule formation by Tubakia sp. B is not surprising 
because T. dryina forms similar pustules on small twigs. However, only T. iowensis is known 
to form pustules on petioles in the field, and inoculation tests have shown that T. iowensis 
forms such pustules more abundantly than Tubakia sp. B.  
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T. iowensis has a very limited host range, appearing to infect only Q. macrocarpa var. 
oliviformis and in rare circumstances leaves of Q. bicolor. The host range for Tubakia sp. B 
is much wider than the host range for T. iowensis, and the former is more widely distributed. 
Both Tubakia spp. can cause vein necrosis. However, Tubakia sp. B is better at causing leaf 
spots, and T. iowensis is better adapted to petiole infections and to cause petiole retention. 
Thus, T. iowensis appears to have a narrower ecological niche. The minor ITS-rDNA 
differences coupled with the ecological specialization suggest that T. iowensis is recently 
derived from Tubakia sp. B.  
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Table 1. Conidia concentration (x106 spores/mL) of inoculum suspensions used in 
experiments 1, 2, and 3. 
Inoculum 
Blade-
Experiment 1 
Midvein-
Experiment 1 Experiment 2 Experiment 3 
Tubakia sp. B     
 A895 1.9 2.5 5.6 4.2 
 A949 1.7 1.0 1.2 0.8 
 A979 2.1 2.1 2.0 2.0 
T. iowensis     
 A573 3.5 2.4 4.0 2.5 
 A578 0.6 0.6 4.8 4.7 
 A978 1.5 1.3 4.1 5.7 
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Table 2. Average leaf blade necrosis on Quercus spp. as viewed on the upper side of the leaf in response to inoculation 
of the top side or on the under side of the leaf by Tubakia spp. in experiment 1. 
  Area of Necrosis (mm2) 
Tubakia Species Quercus Species Inoculated on the Upper Side Inoculated on the Under Side 
Tubakia sp. B Q. macrocarpa 107.1 962.2 
 Q. bicolor 013.5 352.4 
 Kentucky Q. stellata 001.0 011.9 
 Texas Q. stellata 009.1 020.4 
T. iowensis Q. macrocarpa 018.4 501.0 
 Q. bicolor 005.6 306.2 
 Kentucky Q. stellata 000.6 002.2 
 Texas Q. stellata 000.1 001.7 
 
 
 
 
 
Table 3. Two-way analysis of variance of necrotic blade tissue area (mm2) on Quercus spp. (Q. macrocarpa, Q. bicolor, 
Q. stellata from Kentucky, and Q. stellata from Texas) that were inoculated on the under side with Tubakia iowensis 
isolates (A573, A578, A978) and Tubakia sp. B isolates (A895, A949, A979) in experiment 1.  
Source of Variation df F-Value P >F 
Quercus spp. 3 6.68 0.0005 
Tubakia spp. 1 1.02 0.3164 
Quercus spp. x Tubakia spp. 3 0.68 0.5678 
3
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Table 4. Seedlings from different seed sources of Quercus macrocarpa with petiole pustules versus total number 
of seedlings inoculated with Tubakia iowensis and Tubakia sp. B in experiment 3.  
 T. iowensis  Tubakia sp. B 
Seed Source A573 A578 A978 
Total 
Proportion 
 
A895 A949 A979 
Total 
Proportion 
Brookside tree # 1 1/3 0/2 0/2 0.14  1/3 0/3 1/2 0.25 
McBride, Lakeside Lab 1/3 1/3 1/3 0.33  0/3 0/3 0/3 0.00 
North Dakota 2/3 0/4 1/3 0.30  0/4 0/3 0/3 0.00 
Missouri 0/2 0/3 1/3 0.13  0/4 0/3 0/3 0.00 
Combined Total 4/11 1/12 3/11 8/34  1/14 0/12 1/11 2/37 
3
6
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Figure 1. Necrosis on the upper surface of leaves of Quercus spp. after midvein and blade 
inoculations of the lower leaf surface with Tubakia iowensis and Tubakia sp. B. In each 
photo, the farthest left leaf is the control leaf; the top row are leaves inoculated with T. 
iowensis (isolates A573, A578, and A978, respectively); and the bottom row are leaves 
inoculated with Tubakia sp. B (isolates A895, A949, and A979, respectively). Midvein 
necrosis on Quercus macrocarpa leaves (A). Midvein necrosis on Quercus bicolor leaves 
(B). Blade tissue necrosis on Quercus macrocarpa (C). Blade tissue necrosis on Quercus 
bicolor (D). Blade tissue necrosis on Quercus stellata from Kentucky (E). Blade necrosis on 
Quercus stellata from Texas (F). 
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Figure 2. Average length of midvein necrosis at 109 days after inoculation on Quercus 
macrocarpa (A) and Quercus bicolor (B) seedlings in experiment 1. Bars are means for three 
replicates. Error bars represent standard error of the mean. Means represented by bars sharing 
the same letter are not significantly different based on least significant difference (LSD) test 
(P = 0.05).
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Figure 3. Average area of blade necrosis at 100 days after inoculation on Quercus macrocarpa 
(A), Quercus bicolor (B), Quercus stellata from Kentucky (C), and Quercus stellata from Texas 
(D) seedlings in experiment 1. Bars are means for three replicates. Error bars represent standard 
error of the mean. Means represented by bars sharing the same letter are not significantly 
different based on least significant difference (LSD) test (P = 0.05). 
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Figure 4. Midvein necrosis of Quercus macrocarpa leaves after inoculation with Tubakia spp. in 
experiment 2. T. iowensis isolate A573 (A). T. iowensis isolate A578 (B). T. iowensis isolate 
A978 (C). Tubakia sp. B isolate A895 (D). Tubakia sp. B isolate A949 (E). Tubakia sp. B isolate 
A979 (F). 
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Figure 5. Blade tissue necrosis on the upper side of leaves of Quercus macrocarpa inoculated on 
the lower surface by Tubakia spp. T. iowensis isolate A573 (A). T. iowensis isolate A578 (B). T. 
iowensis isolate A978 (C). Tubakia sp. B isolate A895 (D). Tubakia sp. B isolate A949 (E). 
Tubakia sp. B isolate A979 (F). 
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Figure 6. Average length of midvein necrosis (6A) and average area of blade necrosis (6B) at 70 
days after inoculation on Quercus macrocarpa seedlings in experiment 2. Bars are means for 
three replicates. Bars are means for three replicates with standard error of the mean. Means 
represented by bars sharing the same letter are not significantly different based on least 
significant difference (LSD) test (P = 0.05). 
 
 
 
 
 
Figure 7. Petioles pustules (indicated by arrows) of Tubakia iowensis or Tubakia sp. B formed on 
inoculated petioles of Quercus macrocarpa seedlings. From left to right, seed source from North 
Dakota inoculated with T. iowensis isolate A573, McBride tree inoculated with T. iowensis 
isolate A578, and a North Dakota seedling inoculated with T. iowensis isolate A978 (A). From 
left to right, seed source from Brookside Park, Ames, Iowa, inoculated with Tubakia sp. B 
isolates A895 and A979 (B).  
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CHAPTER 3. SEARCHING FOR VARIATION IN  
RESISTANCETO BUR OAK BLIGHT 
Introduction 
Bur oak blight is a late season leaf disease on Quercus macrocarpa (Harrington et al. 
2012). Symptoms include vein necrosis, leaf death, and conidiomata on overwintering petioles 
attached to twigs. Seriously blighted trees show branch dieback and, in rare cases, tree death. Bur 
oak blight appears most severe on Q. macrocarpa trees more than 100 years old and more than 
50 cm in diameter in remnants of oak savannas (Harrington et al. 2012). Q. macrocarpa on 
upland sites appear to be more affected by bur oak blight than Q. macrocarpa on bottomland 
sites. There are three recognized varieties of Quercus macrocarpa (bur oak): Q. macrocarpa var. 
oliviformis, Q. macrocarpa var. macrocarpa, and Q. macrocarpa var. depressa. Q. macrocarpa 
var. oliviformis is found on upland sites in eastern Nebraska, Iowa, Minnesota, Wisconsin, and 
northern Illinois (Deitschmann 1965). Q. macrocarpa var. macrocarpa is found on bottomland 
sites in southeast Iowa, Illinois, and as far south as Texas and as far east as Kentucky, West 
Virginia, and Ohio. Q. macrocarpa var. depressa is found in western Iowa, Nebraska, South 
Dakota, and North Dakota (Shimek 1933, Great Plains Flora Association 1986). Reports of bur 
oak blight appear to correspond with the geographic range of Q. macrocarpa var. oliviformis. 
However, even in the upland sites, there is substantial variation in symptom severity among trees 
within a stand. Harrington et al. (2012) illustrated that heavily blighted Q. macrocarpa trees 
stood next to apparently healthy Q. macrocarpa trees. With the apparent restriction of bur oak 
blight to the range of Q. macrocarpa var. oliviformis and the within stand variation in disease 
severity, the question arises if there is variation in resistance to bur oak blight.      
 This study aims at evaluating the different varieties of Q. macrocarpa for variation in 
resistance to bur oak blight and to determine if there are inherited differences in susceptibility 
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between healthy and bur oak blighted Q. macrocarpa var. oliviformis trees within the same stand. 
There are two hypotheses this study looks to test: (1) Q. macrocarpa var. oliviformis would be 
more susceptible to bur oak blight than Q. macrocarpa var. macrocarpa or Q. macrocarpa var. 
depressa, and (2) seedlings from blighted trees would be more susceptible to bur oak blight than 
seedlings from healthy trees. To test these hypotheses, bare root seedlings of Q. macrocarpa 
from different state nurseries and seedlings grown from acorns collected from a variety of seed 
sources were inoculated with isolates of T. iowensis.   
 
Materials and Methods 
Fungal isolates—Two isolates of Tubakia iowensis known to be aggressive on bur oak were 
selected based on a previous study (Harrington et al. 2012), and a third isolate (A978) was from 
conidiomata on a Q. macrocarpa leaf vein from Parkersburg, Iowa, in 2010. T. iowensis isolate 
A573 was isolated from a petiole pustule on Q. macrocarpa in Ames in 2008. GenBank 
accession numbers for T. iowensis isolate A573 are JF704185 for LSU rDNA and JF704196 for 
ITS rDNA. Dried specimen numbers are ISC 448601, ISC 448604, and BPI 881221 (Harrington 
et al. 2012). T. iowensis isolate A578 was isolated as a petiole endophyte from a Q. macrocarpa 
leaf in June 2008.  
 
Nursery stock and seed sources—For experiment 1, one-year-old bare root seedlings of              
Q. macrocarpa (bur oak) were purchased from the Iowa State Forest Nursery, West Texas 
Nursery, Oklahoma Forestry Services, Kentucky Division of Forestry, George O. White State 
Forest Nursery (Missouri), Minnesota State Forest Nursery, Wisconsin State Forest Nursery, and 
Vallonia State Nursery (Indiana) in 2012. Seedlings grown in containers were purchased from 
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Towner State Nursery in Towner, North Dakota. Seedlings from Iowa, Minnesota, and 
Wisconsin were presumed to be Q. macrocarpa var. oliviformis. Seedlings from Texas, 
Oklahoma, Kentucky, and Missouri were presumed to be Q. macrocarpa var. macrocarpa. 
Seedlings from North Dakota were presumed to be Q. macrocarpa var. depressa. Seedlings were 
stored at 1-4°C until potting. Seedlings were planted in 10 x 10 x 35 cm plastic pots with a 1:1:1 
ratio of Sunshine (SB300 UNIVERSAL, Sun Gro Horticulture, Vancouver, Canada) planting 
medium, perlite, and peat moss 3 to 4 weeks prior to inoculation. Potted plants were kept on the 
greenhouse bench with a minimum of 12 hours of supplemental lighting during the winter 
months. Due to a limited number of seedlings, this experiment was conducted once.  
For experiment 2, acorns of Q. macrocarpa were collected from Westwood Apartments 
in Ames, Iowa, and from bur oak trees with large acorns in southeast Iowa in 2012. Acorns from 
two different sources of Q. macrocarpa were provided by the Nebraska Statewide Arboretum. A 
second repetition of this study was performed; however, the nonwounded seedlings became 
scorched and were excluded from data analysis.  
For experiment 3, acorns of Q. macrocarpa were collected from the ground in 2013 from 
several seed sources. Brookside tree #1, Brookside tree #5, and Brookside tree #71 were            
Q. macrocarpa trees at Brookside Park in Ames, Iowa, that had shown severe bur oak blight 
symptoms since 2008. Brookside tree #9, Brookside tree #28, Brookside tree #55, and Brookside 
tree #94 acorns were from Q. macrocarpa trees at Brookside Park that had not shown bur oak 
blight symptoms. Acorns were collected at the Ames Municipal Cemetery (AMC) from Q. 
macrocarpa trees that were symptomatic for bur oak blight (AMC tree #79 and AMC tree #105) 
and from other Q. macrocarpa trees that were not symptomatic for bur oak blight (AMC tree 
#17, AMC tree #97, AMC tree #106). Acorns collected from the Ames Frisbee Golf Course from 
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a healthy Q. macrocarpa tree (FG tree #15) and a bur oak blighted Q. macrocarpa tree (FG tree 
#1). Acorns were collected from a planted, symptomatic Q. macrocarpa tree on Airport Road in 
Ames, Iowa, (AR small) and also collected from two planted Q. macrocarpa trees that did not 
show signs or symptoms of bur oak blight (AR tree #3 and AR tree #4). Acorns were collected 
from several naturally established Q. macrocarpa trees at Lakeside Lab in Okoboji, Iowa, 
including the McBride tree and trees near Mahan Hall and the Watt Building; these trees had not 
shown symptoms of bur oak blight. Acorns also were collected from Q. macrocarpa that had bur 
oak blight in an open field south of Mahan Hall. Near the Iowa Lakeside Lab, acorns were 
collected from two bur oak blighted Q. macrocarpa trees from the Gull Point State Park 
campground. 
 Acorns from Missouri were provided by the George O. White State Forest Nursery in 
Licking, Missouri, from a seed source in southern Missouri. Acorns from Towner State Nursery 
were collected from Minot, North Dakota. Prior to shipping, the acorns from North Dakota were 
cleaned (caps removed), float tested, and treated with a fungicide dip before being placed into 
cold storage for 60 days. All acorns were stored in the Iowa State University forestry greenhouse 
cooler at 1-4°C for a minimum of 60 days before planting.  
Before planting, caps of the acorns were removed by hand. If caps were not easily 
removed, the acorns were soaked in tap water for up to 24 hours. Paring knives also were used to 
assist in the removal of the caps. After cold stratification, acorns were scarified in an attempt to 
synchronize germination across all seedlots. Once the caps of the acorns for experiment 2 were 
removed, acorns were arbitrarily chosen from the seedlot and the width of the acorn was 
measured and recorded with a caliber. In experiment 3, acorns were arbitrarily chosen and the 
width of 50-100 acorns from each seedlot were measured using a homemade, round-hole 
47 
 
 
cleaning screen, which consisted of the following hole sizes in millimeters: 15, 16, 18, 18.5, 19, 
23, 25, 27, and 28. Acorns had to drop freely through the hole; otherwise, the acorns were 
recorded in the next size up. 
 Acorns were scarified in an attempt to synchronize germination across all seedlots. The 
acorns were cut longitudinally through the pericarp, seed coat, and the bottom half of the 
cotyledons with hand shears or scissors, leaving the plumule, radicale, and upper portion of the 
cotyledons intact. The plumule, radicale, and upper portion of the cotyledons were placed on 
moisten newspapers in a plastic box and covered with plastic wrap. Twelve-hour supplemental 
lighting was provided, and temperatures were kept between 20 to 22°C. As the tap root emerged, 
acorns were transplanted in plastic pots 10 cm in diameter and 18 cm deep with a mixture of 
1:1:1 ratio of Sunshine planting medium, perlite, and peat moss.  
 
Inoculum preparation—Since T. iowensis does not readily sporulate on MYEA (1.5% malt 
extract, 0.2% yeast extract, and 2% agar), isolates were grown on autoclaved oak leaf pieces on 
1.5% or 2% water agar in plastic Petri dishes. Control inoculum was prepared from leaves on 
water agar without the fungus. Isolates and controls were allowed to grow for 21 to 25 days at 
room temperature.  
Q. macrocarpa leaves that were used to prepare the inoculum were collected from trees 
that did not show signs or symptoms of bur oak blight. The leaves were picked off the tree in 
August and September and utilized throughout the winter. The green healthy leaf blade tissue 
was cut into approximately 2.5 by 2.5 cm pieces and wrapped in aluminum foil packets. The 
packets were autoclaved for 20 minutes. After autoclaving, the leaf packets were stored and dried 
at room temperature. However, the production of conidia appeared to drop as the autoclaved 
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leaves dried out during storage. In later experiments, fresh Q. bicolor oak leaves from 
noninoculated seedlings in the greenhouse were used to replace the Q. macrocarpa leaves. 
After allowing the fungal isolates to sporulate for 21 to 25 days on the oak leaves, the leaf 
pieces were removed and conidia were harvested by gently scraping the conidia into a sterile 
Petri dish with 10-15 mL of sterile 0.02% Tween 80 (Fisher Scientific, Pittsburgh, 
Pennsylvania). The conidia and Tween 80 solution were then transferred into a 15 mL sterile 
FalconTM tube. Concentration of conidia was measured utilizing a hemocytometer. Suspensions 
below 2.0 x 106 mL were concentrated by centrifuging at 4,500 rpm for a minute, and then 2 to  
5 mL of 0.02% Tween solution were removed, leaving the spore pellet at the bottom of the tube 
intact. Conidia were resuspended in the remaining Tween 80 and were remeasured with a 
hemocytometer. Suspensions above 5.0 x 106 mL were diluted by transferring half of the 
suspension into a new sterile 15 mL FalconTM tube and adding additional sterile 0.02% Tween 
solution. Final conidial suspensions ranged from 1.2 x 106 mL to 5.7 x 106 mL (Table 1). In 
experiment 1 and 2, conidia suspension was left in the refrigerator overnight prior to 
inoculations. 
In experiment 3, Knox® gelatin solution was added as a sticking agent with a final 
concentration of 0.05% (Nutter 1985). Tween solution without conidia was microwaved to a 
boiling point, and then the gelatin solution was added and stirred until the gelatin was dissolved. 
Spore suspensions were centrifuged for one minute at 4,500 rpm and half of the supernatant was 
removed. After allowing the gelatin solution to cool to room temperature, the gelatin solution of 
the same volume as the removed supernatant was added.  
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Leaf inoculations—All experiments were conducted in the forestry greenhouse at Iowa State 
University. In experiment 1, the under side of the midvein of three fully expanded leaves per five 
seedlings were inoculated with one of two isolates or the control. The three fully expanded 
leaves were arbitrarily chosen and marked by tying a small piece of yarn around the petiole. Half 
of the seedlings were wounded, and the other half were not wounded. In experiment 2, three 
fully expanded leaves per seedling were inoculated on the midvein with one of two isolates or 
the control. For some seedlings, the midveins were wounded before inoculation. In experiment 3, 
all of the small, partially expanded leaves on seedlings were inoculated less than a month after 
planting.  
If seedlings were selected to be wounded, the midveins were pricked on the under side 
with a sterile needle (Precisionglide, 27G ½, BD, Franklin Lakes, New Jersey) at intervals of    
1.5 cm starting at 1.5 cm above the petiole. Inoculum was applied to wounded or nonwounded 
midveins on the under side of the leaves with autoclaved paintbrushes. In experiment 3, the 
inoculum was applied only to the petiole tissue. Attempts were made not to apply the inoculum 
to the surrounding leaf blade tissue. There was no set amount of inoculum applied to each leaf 
surface, but attempts were made to apply the inoculum to each leaf surface in a single stroke. 
The remaining inoculum was taken back to the lab and plated onto MYEA to confirm that the 
conidia were viable.  
 
Moist chambers—After all the seedlings had been inoculated with an isolate, the seedlings were 
placed in moist chambers in order to maintain high humidity. To prevent contamination between 
Tubakia species and/or controls during this 48-hour period, seedlings inoculated with the same 
isolate were incubated together. For experiments 1 and 2, the frames of the moist chambers were 
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constructed from 13 mm PVC pipe. Each moist chamber measured 50 x 50 x 100 cm. The 
chambers consisted of two clear plastic garbage bags pulled from the bottom up and another one 
pulled from the top down over the frame. Seedlings and chambers were heavily misted before 
being sealed at the bottom. Moistened newspapers were draped over the top of the sealed 
chambers to prevent sunlight from entering. Chambers were placed on top of milk crates on the 
greenhouse floor. In experiment 3, the seedlings were placed in large clear plastic boxes that 
were covered with plastic wrap, placed on the greenhouse bench, and used as moist chambers 
due to the small size of the seedlings. Chambers were checked every 6 to 8 hours for excess 
humidity, which was determined by the presence of condensation on the sidewalls and the top of 
the chamber.  
 
Post incubation—After 48 hours, seedlings were removed from the chamber and placed onto a 
greenhouse bench. Utilizing a random number generator, seedlings were randomly assigned to a 
place on the bench. Seedlings were watered daily. 
  Observations for experiments 1 and 2 were made every 7 to 10 days for symptom 
development during the first month. The presence or absence of necrotic lesions on vein and 
necrotic blade tissue was documented. Observations for experiment 3 were not made until after 
fall senescence, when the nonabscised petioles were examined. 
For the data analysis in all three experiments, only the final measurements were used for 
analyses. If leaves had fallen prior to the end of the experiment, those leaves were recorded as 
dead and taken to the lab for isolation. If symptomatic leaves had not fallen at the end of the 
experiment, leaves were collected off the seedlings and taken back to the lab for isolation. 
Margins of symptomatic and healthy tissues were placed into 100% bleach for 3 minutes before 
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being transferred to 95% ethanol for 30 seconds and rinsed in sterile water. Leaf pieces were 
gently patted dry before being placed onto MYEA. Growth of inoculated Tubakia iowensis was 
confirmed by colony morphology. 
In experiment 3, the inoculated seedlings were initially placed on greenhouse benches, 
but the seedlings were moved outside on 29 June 2014 to allow for normal leaf senescence. 
Seedlings were watered until the middle of October, when leaves naturally senesce. Leaf 
retention and the presence or absence of pustules on the petioles were observed on 23 November 
2014, at 220, 209, and 178 days after inoculation for three respective experiments. Attached 
leaves and/or petioles were taken back to the lab where petioles were placed in a Petri dish with 
moistened filter paper for 3 to 4 days at room temperature and normal light to enhance pustule 
development. The contents of at least one pustule per petiole were mounted in lactophenol cotton 
blue, and conidia length and width were measured to confirm that the spores were those of T. 
iowensis. In addition, one pustule from a petiole from each seed source/inoculum combination 
was plated onto 1% malt extract agar supplemented with 100 mg/L streptomycin (SMA). After 3 
days, Tubakia-like colonies were transferred onto MYEA. After 21 days of growth on MYEA, 
the cultures were confirmed to be T. iowensis by colony morphology, and ITS-rDNA sequencing 
was conducted if the morphology was questionable. DNA was extracted from the mycelium 
utilizing PrepManTM Ultra (Applied Biosystems, Foster City, California), ITS-rDNA 
amplifications used primers ITS1-F and ITS-4, and the PCR products were sequenced with the 
same primers (Harrington et al. 2001).  
 
Experimental design and data analysis—In experiments 1 and 2, each inoculated leaf was 
considered a replicate. Experiment 2A, 2B, and 2C were analyzed separately. Chi-square 
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analysis was performed on each seed or seedling source. In the three parts of experiment 3, each 
seedling was considered a replicate of 2-4 individual young expanding leaves. Experiments 3A, 
3B, and 3C were analyzed separately. Chi-square analysis (SAS Institute, Cary, North Carolina) 
compared the seedlings with petiole pustules and seedlings without petiole pustules. Additional 
chi-square analyses combined the data from experiments 3A, 3B, and 3C. Four different tree 
stands were used to test if there was a significant difference between seedlings from bur oak 
blight and healthy Q. macrocarpa trees within the same stand. 
 
Results 
Experiment 1—Inoculation of wounded midveins resulted in venial necrosis and leaf death on 
Quercus macrocarpa seedlings from all seed sources (Table 2). In general, isolate A573 caused 
more symptoms and killed more leaves than isolate A578. When Q. macrocarpa var. oliviformis 
seedlings (Iowa, Minnesota, and Wisconsin) were compared with Q. macrocarpa var. 
macrocarpa seedlings (Oklahoma, Indiana, Missouri, Texas, and Kentucky) and Q. macrocarpa 
var. depressa seedlings (North Dakota), there was no significant difference among the varieties 
in the number of symptomatic leaves (χ2 = 0.83, P = 0.66). Out of 90 leaves of Q. macrocarpa 
var. oliviformis, 55 leaves were symptomatic. On Q. macrocarpa var. macrocarpa seedlings, 70 
leaves were symptomatic and 47 leaves were nonsymptomatic. On Q. macrocarpa var. depressa 
seedlings, 15 leaves showed symptoms and 14 did not. Thirty-two leaves of Q. macrocarpa var. 
oliviformis were killed, 38 leaves of Q. macrocarpa var. macrocarpa were killed, and 29 leaves 
of Q. macrocarpa var. depressa were killed. There was no significant difference among varieties 
in the proportion of leaves killed (χ2 = 2.96, P = 0.23). One of the five North Dakota control 
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seedlings showed necrotic vein symptoms, and T. iowensis was isolated from the wounded 
midvein sections, suggesting that there had been some cross-contamination.   
Inoculations of midveins without wounding resulted in midvein necrosis but no leaf death 
on Q. macrocarpa seedlings from each source (Table 2). Isolate A578 tended to cause symptoms 
on more nonwounded leaves than isolate A573. There was no significant difference among the 
Quercus varieties in the number of symptomatic leaves (χ2 = 1.98, P = 0.37).  
 
Experiment 2—Acorns from four different seed sources were collected in fall 2012 and used in a 
second experiment. One seed source was collected from Westwood Apartments, an upland oak 
savannah site in Ames. The mother tree was symptomatic with bur oak blight. This seed source 
was assumed to be Q. macrocarpa var. oliviformis. The second seed source was collected from a 
bottomland site with large acorns in southeast Iowa and was assumed to be Q. macrocarpa var. 
macrocarpa. The third and fourth seed sources were collected from eastern Nebraska and may 
have been Q. macrocarpa var. depressa. Expanded leaves were inoculated with two T. iowensis 
isolates. 
In experiment 2A, where the leaves were wounded before inoculation, there was no 
significant difference between Q. macrocarpa var. oliviformis and Q. macrocarpa var. 
macrocarpa when the ratio of symptomatic leaves to nonsymptomatic leaves was compared (χ2 = 
1.84, P = 0.18) (Table 3). However, when comparing the number of leaves killed, there was a 
significant difference between Q. macrocarpa var. oliviformis seedlings and Q. macrocarpa var. 
macrocarpa seedlings (χ2 = 5.11, P = 0.02). Q. macrocarpa var. oliviformis seedlings had a 
greater percentage of leaves killed. Ten leaves out of 12 leaves of Q. macrocarpa var. oliviformis 
were killed, while 13 out of 26 leaves of Q. macrocarpa var. macrocarpa were killed (Table 3).  
54 
 
 
In experiment 2B, where leaves were not wounded, there was no significant difference in 
the percentage of leaves symptomatic among the different varieties of Q. macrocarpa (χ2 = 1.50, 
P = 0.22), nor was there a difference among the varieties in the percentage of leaves killed (χ2 = 
0.06, P = 0.80) (Table 4).    
Another experiment (2C) was conducted with the same seed sources and with seedlings 
from a planted tree with large acorns in Ames (Airport Road Lot 4). When comparing the ratio of 
symptomatic leaves to nonsymptomatic leaves, there was no significant difference between 
wounded Q. macrocarpa var. oliviformis leaves and wounded Q. macrocarpa var. macrocarpa 
leaves (χ2 = 1.75, P = 0.19) (Table 5). The leaves of seedlings inoculated without wounding 
became scorched from the heat, and no data were recovered from that portion of the experiment.  
 
Experiment 3—Seeds were collected in the fall of 2013 from known healthy trees and bur oak 
blighted trees within the same stand. Young shoots were inoculated. Three separate inoculations 
were conducted. In experiment 3A, only two T. iowensis isolates (A573, A578) were used. In the 
second and third experiments (3B and 3C), three T. iowensis isolates (A573, A578, A978) were 
utilized.  
 In experiment 3A, nine Q. macrocarpa var. oliviformis seedlings had retained petioles 
with pustules, and 23 seedlings did not have any attached petioles. Out of 12 inoculated             
Q. macrocarpa var. macrocarpa seedlings, two seedlings had attached petioles with pustules. Six 
seedlings of Q. macrocarpa var. depressa were inoculated, but there was no petiole attached at 
the end of the experiment. There was no significant difference in the ratio of seedlings with 
petiole pustules/seedlings without petiole pustules among the three different varieties (χ2 = 2.59, 
P = 0.27) (Table 6).  
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In experiment 3B (Table 7), 24 seedlings of Q. macrocarpa var. oliviformis had attached 
petioles with pustules, while 67 seedlings did not have attached petioles. Out of 12                     
Q. macrocarpa var. macrocarpa seedlings from tree AR4, only three seedlings had attached 
petioles.   
In experiment 3C (Table 8), 166 seedlings of Q. macrocarpa var. oliviformis were 
inoculated, 22 of those seedlings had petioles that failed to normally abscise with fall senescence, 
and each of these petioles had pustules. Thirty-two Q. macrocarpa var. macrocarpa seedlings 
(from AR3, AR4, and Missouri) were inoculated with T. iowensis. Seven of those seedlings had 
petioles that remained attached with pustules. There was no significant difference between the 
two varieties in the ratio of seedlings with petiole pustules versus seedlings with no attached 
petioles in either experiment 3B or 3C (χ2 = 0.01, P = 0.92 and χ2 = 1.60, P = 0.21), respectively. 
 The data from experiments 3A, 3B, and 3C also were used to test if there was a 
significant difference between seedlings from bur oak blight and healthy Q. macrocarpa trees 
within the same stand (Tables 6-8). Four different tree stands were examined: Ames Municipal 
Cemetery, Brookside Park, Frisbee Golf Course, and the Iowa Lakeside Laboratory in Okoboji, 
Iowa. Each of the four stands had blighted and healthy trees. Combining the data from the three 
experiments, there was no difference in the proportion of seedlings with petiole pustules between 
seedlings from bur oak blighted mother trees versus seedlings from healthy mother trees in any 
of the four stands (χ2 = 0.06, P = 0.80; χ2 = 0.45, P = 0.50; χ2 = 0.31, P = 0.58; and χ2 = 0.14, P = 
0.70, respectively). 
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Discussion 
 The three varieties of Quercus macrocarpa have not been well characterized but appear 
to be at least different ecotypes (Deitschmann 1965, Laing 1966, Shimek 1933). Reports of bur 
oak blight seem to be within the known geographic range of Q. macrocarpa var. oliviformis 
(Harrington 2015). However, Q. macrocarpa var. oliviformis, Q. macrocarpa var. macrocarpa, 
and Q. macrocarpa var. depressa responded similarly when inoculated with T. iowensis. Within 
the range of Q. macrocarpa var. oliviformis, Q. macrocarpa seems to have substantial variation 
in susceptibility to bur oak blight. Heavily blighted trees are often in close proximity to healthy 
trees. However, seedlings from diseased and healthy trees appeared to be similarly susceptible in 
inoculation studies. 
The varieties of some of the sources of seedlings were not clear. Bare root seedlings from 
nurseries in Iowa, Minnesota, and Wisconsin were considered to be Q. macrocarpa var. 
oliviformis, but they may have been other varieties. Bare root seedlings from Missouri, Texas, 
Kentucky, Oklahoma, and Indiana were considered Q. macrocarpa var. macrocarpa, and these 
states are beyond the known geographic range of bur oak blight (Harrington 2015). Seedlings 
from North Dakota were considered Q. macrocarpa var. depressa. There generally was no 
significant difference among varieties of Q. macrocarpa in the number of symptomatic leaves or 
the number of leaves killed after wound inoculation or without wounding. Since T. iowensis is 
known to be an endophyte, the nonwounded leaves of some susceptible seedlings may have been 
endophytically infected and did not develop leaf symptoms. Alternatively, the inoculum applied 
may not have been of high concentration or low viability because an earlier study (Harrington et 
al. 2012) found a high percentage of nonwounded midveins showed symptoms after inoculation 
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with the same isolates. The addition of gelatin to the inoculum appeared to increase infection 
efficiency.   
In fall 2013, acorns were collected from healthy and bur oak blighted trees of                  
Q. macrocarpa var. oliviformis. In addition, acorns were obtained from Missouri and North 
Dakota that should have been Q. macrocarpa var. macrocarpa and Q. macrocarpa var. depressa, 
respectively (Deitschmann 1965, Laing 1966). Petioles of young, expanding shoots were 
inoculated with T. iowensis, and the seedlings were moved outside midsummer. After fall leaf 
drop, seedlings were evaluated for any remaining petioles or leaves. However, there was no 
significant difference in seedlings with petiole pustules among Q. macrocarpa var. oliviformis, 
Q. macrocarpa var. macrocarpa, and Q. macrocarpa var. depressa. This is the first report of 
nonabscising petioles with pustules on Q. macrocarpa var. macrocarpa or Q. macrocarpa var. 
depressa. Isolations from the conidia in the petiole pustules yielded Tubakia iowensis cultures, 
confirming that the pathogen is capable of killing leaves and forming pustules on nonabscised 
petioles on all three varieties.   
Seedlings from trees with bur oak blight showed no difference in production of petiole 
pustules compared to seedlings from healthy trees in the same stand. Since T. iowensis is capable 
of infecting Q. macrocarpa var. macrocarpa and Q. macrocarpa var. depressa, and there 
appears to be no difference in susceptibility between seedlings from healthy trees and diseased 
trees in inoculation trials, there may be no difference in susceptibility within bur oak. However, 
the dismissal of the original hypothesis leads us to question why bur oak blight has not been 
reported in the southern, eastern, or northwestern range of Q. macrocarpa. 
  Bur oak blight is distinguished from other diseases on oak caused by Tubakia spp. by 
death of petioles and the formation of pustules on those attached petioles. In the spring during 
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shoot development, conidia from those overwintering pustules splash onto the developing shoots. 
If the shoots are at the appropriate growth stage, T. iowensis will endophytically infect the 
leaves. Midsummer, T. iowensis will then kill the petiole, leaves fail to abscise, and pustules 
form for next spring’s inoculum. If the shoots are fully expanded at the time of spore release,     
T. iowensis may cause leaf blade necrosis but not endophytic infections, and they will not 
develop the necessary overwintering petiole pustules.  
This study did not identify the exact range of growth stages of shoot development for 
successful endophytic infection, but young undifferentiated tissue appears to be important, as 
found by Harrington et al. (2012). Future greenhouse studies should utilize seedlings from acorns 
rather than bareroot seedlings. Seedlings from acorns are easier to synchronize bud break and 
shoot development. Future field studies should evaluate the timing of bud break and shoot 
development and the release of inoculum. Environmental factors such as timing of bud break and 
shoot development, release of conidia from the pustules on the petioles, and spring rainfall may 
be critical in the disease cycle of bur oak blight. For instance, early bud break may allow for 
disease avoidance if leaves are fully expand before spring temperatures are suitable for growth 
and infection by T. iowensis. As the spring climate becomes warmer and moister (Takle 2011), 
reports of bur oak blight outside of the range of Q. macrocarpa var. oliviformis may become 
more common, and the critical stage of endophytic infections needs further research.  
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Table 1. Conidia concentration (x106 spores/mL) of T. iowensis inoculum suspensions used in experiments 1, 2, and 3. 
Isolate 
Wounded-
Experiment 1 
Nonwounded 
Experiment 1 
Experiment 
2A 
Experiment 
2B 
Experiment 
3A 
Experiment 
3B 
Experiment 
3C 
 A573 3.9 3.5 4.5 1.3 4.0 2.5 5.2 
 A578 3.1 1.5 4.0 1.2 4.8 4.7 5.1 
 A978 n/a n/a n/a n/a n/a 5.7 1.6 
n/a = Isolate was not used in the experiment.  
Table 2. Symptom development and death of Quercus macrocarpa leaves on seedlings from state nurseries 
inoculated with Tubakia iowensis with and without wounding in experiment 1. 
  Wounding 
 
 
Leaves 
Symptomatic/   Leaves Killed/  
  Inoculated1   Inoculated  
Variety of        
Q. macrocarpa Seed Source A573 A578 
Proportion 
Symptomatic  A573 A578 
Proportion 
Killed 
var. oliviformis Iowa 15/15 5/15 0.66  12/15 0/15 0.40 
 Minnesota 13/15 3/15 0.53  9/15 0/15 0.30 
 Wisconsin 14/15 5/15 0.63  11/15 0/15 0.36 
var. macrocarpa Missouri 13/14 5/15 0.62  5/14 0/15 0.17 
 Oklahoma 15/15 6/13 0.75  5/15 0/13 0.18 
 Indiana 13/15 6/15 0.63  13/15 1/15 0.46 
 Kentucky 12/15 0/15 0.40  2/15 0/15 0.06 
 Texas 14/14 4/15 0.62  11/14 1/15 0.41 
var. depressa North Dakota 14/15 1/14 0.51  8/15 3/14 0.38 
1Symptomatic leaves had vein necrosis visible on the upper side of leaf. 
6
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Table 2 continued. Symptom development and death of Quercus macrocarpa leaves on seedlings 
from state nurseries inoculated with Tubakia iowensis with and without wounding in experiment 1. 
  No Wounding 
 
 
Leaves 
Symptomatic/  
  Inoculated1  
Variety of Q. macrocarpa Seed Source A573 A578 
Proportion 
Symptomatic 
var. oliviformis Iowa 13/15 15/15 0.93 
 Minnesota 13/15 15/15 0.93 
 Wisconsin 9/15 12/15 0.70 
var. macrocarpa Missouri 11/12 15/15 0.96 
 Oklahoma 11/15 12/15 0.76 
 Indiana 7/15 14/15 0.70 
 Kentucky 10/15 11/15 0.70 
 Texas 4/15 12/15 0.53 
var. depressa North Dakota 1/15 15/15 0.53 
1Symptomatic leaves had vein necrosis visible on the upper side of leaf. 
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Table 3. Symptom development and death of leaves of Quercus macrocarpa seedlings from different seed sources in Iowa and 
Nebraska inoculated with isolates of Tubakia iowensis with wounding in experiment 2A.  
Variety of Q. 
macrocarpa Seed Source 
Mean 
Acorn 
Diameter 
(mm) 
Leaves 
Symptomatic/ 
Inoculated1 
Proportion 
Symptomatic 
Leaves Killed/ 
Inoculated 
Proportion 
Killed A573 A578 A573 A578 
var. oliviformis Westwood Apts., Ames 15.5 9/9 2/3 0.92 9/9 1/3 0.83 
var. depressa Lincoln, NE 20.6 4/11 9/12 0.57 5/11 3/12 0.35 
 Johnson County, NE 21.0 9/13 14/14 0.85 4/13 3/14 0.26 
var. macrocarpa SE Iowa, large acorns 24.3 9/13 12/16 0.72 4/13 9/16 0.45 
1Symptomatic leaves had vein necrosis visible on the upper side of the leaf. 
  
Table 4. Symptom development and death of leaves of Quercus macrocarpa seedlings from different seed sources in Iowa and 
Nebraska inoculated with isolates of Tubakia iowensis without wounding in experiment 2B.  
Variety of Q. 
macrocarpa Seed Source 
 
Leaves 
Symptomatic/ 
Inoculated1  
Leaves Killed/ 
Inoculated  
Mean Acorn 
Diameter (mm) A573 A578 
Proportion 
Symptomatic A573 A578 
Proportion 
Killed 
var. oliviformis Westwood Apts., Ames 15.5 11/11 1/11 0.55 4/11 1/11 0.23 
var. depressa Lincoln, NE 20.6 0/11 1/13 0.04 0/11 1/13 0.04 
 Johnson County, NE 21.0 5/10 3/13 0.35 4/10 1/13 0.22 
var. macrocarpa SE Iowa, large acorns 24.3 8/14 2/13 0.37 2/14 5/13 0.26 
1Symptomatic leaves had vein necrosis visible on the upper side of the leaf. 
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Table 5.  Symptom development and death of Quercus macrocarpa leaves on seedlings from 
different seed sources inoculated with isolates of Tubakia iowensis with wounding in 
experiment 2C. 
Variety of Q. 
macrocarpa Seed Source 
 
Leaves 
Symptomatic/ 
Inoculated1 
Proportion 
Symptomatic 
Mean Acorn 
Diameter 
(mm) A573 A578 
var. oliviformis Westwood Apts., Ames 15.5 12/13 7/11 0.79 
var. depressa Lincoln, NE 20.6 1/11 8/10 0.43 
 Johnson County, NE 21.0 3/13 10/13 0.50 
var. macrocarpa SE Iowa, large acorns 24.3 6/12 10/11 0.70 
 Airport Road, Ames 
(tree AR4) 
27.8 4/11 8/10 0.57 
1Symptomatic leaves had vein necrosis visible on the upper side of leaf. 
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Table 6. Petiole pustule development on Quercus macrocarpa seedlings from different seed sources inoculated with isolates 
of Tubakia iowensis in experiment 3A.  
Location Tree  
Mother Tree with 
Bur Oak Blight 
Symptoms 
Mean Acorn 
Diameter 
(mm) 
Seedlings with 
Petioles 
Symptomatic/ 
Inoculated1 
Proportion 
Symptomatic A573 A578 
Ames Municipal Cemetery Tree #106 Yes 15.2 0/2 1/2 0.25 
 Tree #79 No 15.6 0/3 1/2 0.20 
Airport Road Small acorns Yes 14.3 0/2 1/2 0.25 
 AR4 No 26.2 1/3 1/3 0.33 
Brookside Park Tree #1 Yes 16.0 2/3 0/3 0.33 
Lakeside Lab Mahan Hall No 17.6 2/3 0/4 0.29 
 McBride No 18.5 0/3 2/3 0.33 
Minot, North Dakota North Dakota Not determined 16.9 0/3 0/3 0.00 
Southern Missouri Missouri Not determined 25.2 0/3 0/3 0.00 
       1Symptomatic petioles had pustules on the petiole near the abscission layer. 
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1Symptomatic petioles had pustules on the petiole near the abscission layer.  
  
Table 7. Petiole pustule development on Quercus macrocarpa seedlings from different seed sources inoculated with isolates of  
Tubakia iowensis in experiment 3B. 
Location 
 
  
Seedlings with Petioles 
Symptomatic/Inoculated1  
Tree 
Mother Tree 
with Bur Oak 
Blight 
Symptoms 
Mean 
Acorn 
Diameter 
(mm) A573 A578 A978 
Proportion  
Symptomatic 
Ames Municipal Cemetery Tree #106 Yes 15.2 0/3 2/3 1/4 0.30 
 Tree #79 No 15.6 1/4 2/4 2/4 0.42 
Airport Road Small acorns Yes 14.3 2/3 1/3 1/3 0.44 
 AR4 No 26.2 0/4 3/4 0/4 0.25 
Brookside Park Tree #1 Yes 16.0 2/4 0/4 0/4 0.17 
Lakeside Lab Open field tree Yes 16.8 0/4 1/4 2/4 0.25 
 Gull Point State Park on beach Yes 18.1 0/4 1/4 3/4 0.33 
 Watt Building No 17.5 0/4 0/4 0/4 0.00 
 Mahan Hall No 17.6 2/4 0/4 1/4 0.25 
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Table 8. Petiole pustule development on Quercus macrocarpa seedlings from different seed sources inoculated with isolates of 
Tubakia iowensis in experiment 3C. 
Location Tree 
Mother Tree 
with Bur Oak 
Blight 
Symptoms 
Mean Acorn 
Diameter(mm) 
Seedlings with Petioles 
Symptomatic/Inoculated1 
Proportion 
Symptomatic A573 A578 A978 
Ames Municipal Cemetery Tree #106 Yes 15.2 1/3 0/3 0/3 0.11 
 Tree #97 Yes 16.0 0/4 0/4 0/4 0.00 
 Tree #17 Yes 16.7 1/4 0/4 0/4 0.08 
 Tree #79 No 15.6 0/4 0/4 0/4 0.00 
 Tree #105 No 17.8 0/4 0/4 0/4 0.00 
Airport Road Small acorns Yes 14.3 0/3 1/3 0/3 0.11 
 AR3 No 25.1 0/4 0/4 0/4 0.00 
 AR4 No 26.2 2/3 2/3 1/2 0.63 
Brookside Park Tree #5 Yes 14.1 1/3 0/3 1/3 0.22 
 Tree #71 Yes 19.2 0/3 0/3 0/3 0.00 
 Tree #94 No 15.7 0/3 1/3 0/3 0.11 
 Tree #9 No 15.7 1/4 2/4 2/4 0.42 
 Tree #55 No 18.8 1/4 0/3 1/4 0.18 
 Tree #28 No 23.7 2/4 0/4 0/4 0.17 
Frisbee Golf Course Tree #15 Yes 18.9 2/4 2/4 0/4 0.67 
 Tree #1 No 16.8 1/3 1/3 0/3 0.22 
Lakeside Lab Campground space 48 Yes 14.4 0/3 0/3 0/3 0.00 
 McBride tree No 18.5 0/3 1/3 0/2 0.13 
Southern Missouri Missouri Not determined 25.2 1/4 0/4 1/4 0.17 
1Symptomatic petioles had pustules on the petiole near the abscission layer.
 6
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CHAPTER 4. GENERAL CONCLUSIONS 
General Conclusions 
 This study demonstrated that Tubakia iowensis and Tubakia sp. B are different species 
based on ecological specialization. In the third chapter, Quercus macrocarpa var. macrocarpa 
and Q. macrocarpa var. depressa appeared to be just as susceptible to bur oak blight as              
Q. macrocarpa var. oliviformis. Differences in susceptibility were not demonstrated between 
seedlings from bur oak blighted and healthy trees of Q. macrocarpa var. oliviformis.  
 Although not statistically significant, Tubakia sp. B appeared to produce more blade 
tissue necrosis than T. iowensis. Tubakia sp. B has been isolated from a greater number of hosts 
than T. iowensis. T. iowensis and Tubakia sp. B are closely related species (Harrington et al. 
2012). The two species are almost impossible to distinguish based on colony morphology.     
ITS-rDNA sequencing separates the two species based on differences at one base position. In our 
greenhouse experiments, T. iowensis formed more petiole pustules than Tubakia sp. B. For the 
first time, Tubakia sp. B was documented to form petiole pustules on Q. macrocarpa. The 
petiole pustules were confirmed to be that of Tubakia sp. B by ITS-rDNA sequencing. The sizes 
of pustules of the Tubakia sp. B were within the reported range of field petiole pustules of         
T. iowensis. Tubakia sp. B conidia from pustules also overlapped in the length and width 
measurements with the reported measurements of T. iowensis. T. iowensis appears to have 
recently diverged from Tubakia sp. B based on the wider host range of Tubakia sp. B as well as 
the minor differences in the ITS-rDNA sequences.  
 Bur oak blight reports have been recorded throughout the range of Q. macrocarpa var. 
oliviformis (Harrington et al. 2012). There have been no reports of bur oak blight within the 
ranges of Q. macrocarpa var. macrocarpa or Q. macrocarpa var. depressa. Our greenhouse 
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experiments showed no difference in the number of symptomatic leaves or the number of leaves 
killed among the different varieties of Q. macrocarpa. 
 Acorns were collected from stands of known bur oak blighted trees and healthy trees. 
Acorns also were collected outside the known range of bur oak blight in North Dakota             
(Q. macrocarpa var. depressa) and Missouri (Q. macrocarpa var. macrocarpa). Our greenhouse 
inoculations demonstrated T. iowensis was capable of producing petiole pustules on                   
Q. macrocarpa var. macrocarpa, Q. macrocarpa var. depressa, and Q. macrocarpa var. 
oliviformis. For the first time, petiole pustules were documented on Q. macrocarpa var. 
macrocarpa and Q. macrocarpa var. depressa. Seedlings from bur oak blighted and healthy     
Q. macrocarpa trees showed no difference in susceptibility to bur oak blight.  
With an increase in spring rainfall and warmer nighttime temperatures (Takle 2011), 
Tubakia spp. may become an increasing problem for oaks and other hardwoods. T. iowensis and 
Tubakia sp. B are just two out of at least five different Tubakia spp. on Q. macrocarpa that 
appear to be ecologically unique (Harrington et al. 2012). Greenhouse inoculations suggest there 
is no variation in resistance to bur oak blight. The bur oak blight range may correspond to the 
range of Q. macrocarpa var. oliviformis because of timing of the inoculum release, bud break 
and shoot development, and spring rainfall. If the buds break earlier in the spring, the cool 
temperatures of early spring may prevent the conidia from germinating and infecting the 
emerging shoots. The timing of bud break may explain why some Q. macrocarpa var. 
oliviformis trees appear to be resistant while other Q. macrocarpa trees in the same stand are 
heavily blighted. 
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Recommendations for Future Research 
While this study was able to conclude that T. iowensis and Tubakia sp. B are ecologically 
different, several unanswered questions remain regarding additional Tubakia spp., and the 
environmental conditions conducive to endophytic infections and the formation of petiole 
pustules.  
 Harrington et al. (2012) noted at least three additional Tubakia species in Iowa. The 
biology and pathogenicity of those Tubakia species are relatively unknown and should be 
investigated further. Additional greenhouse inoculations with T. iowensis and Tubakia sp. B 
should be done on other Quercus spp., as well as chestnut species and sweetgum. 
 Bur oak blight is different from other diseases caused by Tubakia spp. in the 
overwintering petioles with pustules that release conidia during spring rainfall for the infection 
of developing shoots. Several questions remain unanswered. Does bud break occur sooner in     
Q. macrocarpa var. oliviformis trees that appear to be healthy than in diseased trees? At what 
stage of leaf development does the endophytic infection occur? At what temperature and 
humidity level are the conidia able to penetrate the developing shoot tissue to cause the 
endophytic phase? Future greenhouse studies should evaluate the effects of temperature, 
humidity, and day of bud break to assess which factors may contribute to endophytic infection. 
Future field studies should evaluate stands of Q. macrocarpa with and without bur oak blighted 
trees for differences in the timing of bud break and inoculum release.  
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